A hydrothermal method was applied in the synthesis of mesoporous silicates containing silicotungstic acid (STA). The synthesis procedures were developed by modification of procedures previously applied in the synthesis of MCM-41 and SBA-15. The synthesized catalysts were named MCM-41-S and SBA-15-S based on MCM-41 and SBA-15.
Introduction
The synthesis of catalysts loaded on various supports has attracted increased attention in recent years. These catalysts exhibit high activities in various reactions due to the high area of interaction provided by the support material. A literature survey revealed the use of various templates as support materials. Zeolites, SiO 2 , alumina, and activated carbon are among the templates used in catalyst syntheses. 1−5 The surface area of these templates can be as high as 700 m 2 /g, which provides a suitable medium for homogeneous dispersion of active material throughout the template. 6 However, the pore size of the catalysts synthesized with these templates have a maximum value of 1 nm and this prevents incorporation of bigger active materials inside the channels of the template.
4
Silicate structured mesoporous materials with larger surface areas and narrow pore size distributions are fine candidates for application as support materials in catalytic synthesis. Use of these materials as catalyst supports dates back to the discovery of the mesoporous M41S family with ordered pore size of 8 nm.
4 SBA-15, the latest mesoporus material discovered, has hexagonal pores between 5 and 15 nm.
7
Application of MCM-41 and SBA-15 solely as catalyst is unlikely due to their weak Lewis acidity and the absence of Brønsted acid sites. Therefore, Brønsted acidity should be enhanced by either impregnation or framework modification with strong acid species. Heteropoly acids (HPAs) constitute an important catalyst alternative for reactions that require strong Brønsted acidity. 10 Their acidity is comparable to that of mineral acids such as H 2 SO 4 and HCl. 10, 11 Investigations on these compounds have increased following their successful application in alcohol dehydration, ethyl tertiary butyl ether (ETBE) synthesis, and esterification reactions. 10−14 However, the surface area of these catalysts is very low (> 1 m 2 /g), which results in low activity in reactions. 13 These compounds are highly soluble in liquid phase, especially in the presence of polar compounds, which limits their use in vapor phase applications due to their loss in reaction media. [11] [12] [13] 15 Moreover, regeneration of HPAs is difficult to achieve as a result of their relatively low thermal stability. Hence, improvement in the activity of HPAs could be achieved by impregnating them into certain support materials such as MCM-41 and SBA-15.
12,15,16
Impregnation is a popular method utilized in incorporation of HPAs onto MCM-41 and SBA-15.
15,17−20
The synthesized catalysts were tested in a variety of reactions including isopropylation of naphthalene with isopropanol, benzylation and alkylation of phenol, and esterification of acetic acid with ethanol and n-butanol. clearly indicated that the highest activity and selectivity might be reached in lower HPA loadings, which also indicated that dispersion of the active material throughout the support was equally important.
20
Alternative methods such as sol-gel and the hydrothermal method have also been used in catalyst syntheses. These methods have been compared with the impregnation method by Li et al. 15 and Yang et al. 21 It was stated that sol-gel derived SBA-15/HPA composite was more stable in terms of acidity and structural regularity and catalytic tests to determine reusability revealed better performance of these catalysts. 21 Similar results were obtained by Li et al. 15 with better dispersion of polyoxometalates on MCM-41 compared to impregnated catalysts. Results also indicated that the mesoporous structure remained intact after synthesis. These catalysts also showed better catalytic performance and reusability than those synthesized by impregnation.
21
Ethyl esters have long been considered alternatives to biodiesel additives. Certain properties of these compounds such as net standard enthalpy of combustion and freezing point are comparable to those of vegetable oil fatty ester biodiesels. These properties enable ethyl esters to be utilized as biodiesel additives. 22 Ethyl acetate production is conducted in the presence of a variety of catalysts including silica gel supported phosphomolybdic acid and alkali promoted HPA impregnated on montmorillonite K10. 23, 24 Activities of HPA impregnated catalysts varied according to loading amounts of active material. In the work by El-Wahab and Said, a loading amount varying between 1% and 30% was applied for catalyst syntheses. 23 Among these catalysts the highest activity was obtained as 65% with a catalyst loading of 10%. In the work by Gurav and Bokade, yield and selectivity of ethyl acetate were determined as 90% and 100%, respectively. 24 These values were obtained with a loading of 20% dodecotungstophosphoric acid catalysts on K10 montmorillonite.
24
In the present study STA was incorporated into MCM-41 and SBA-15 based mesoporous materials by hydrothermal method. The synthesized catalysts were tested in ethyl acetate production selected as the model reaction. Physical properties of the catalysts were determined by XRD, N 2 adsorption-desorption, BET, SEM, and EDX analyses. Reusability of the catalysts was determined by reaction experiments conducted in the presence of the catalysts recovered from the reaction media. The changes in their physical properties were determined by evaluation of reaction experiments and characterization studies of reused catalysts in accordance.
Ethyl acetate reaction in liquid phase was especially selected as the model reaction to imitate harsh conditions that catalysts would face during a reaction. Catalysts synthesized with incorporation of active material into a support structure generally face one of two problems. When used in reactions, the active material of the catalyst may dissolve and migrate to the reaction media, resulting in loss of activity in repeated use or the reactants diffusing into the porous network may cause deformation or even destruction of the pore structure, preventing long-term application of the catalyst. Ethanol used as reactant in reaction experiments is a polar solvent that dissolves HPA in the liquid phase. The hydrothermal method requires simultaneous addition of active material during the synthesis of support. Silicotungstic acid, used as the active material, is expected to behave as a secondary silica source that, in our opinion, will facilitate incorporation of the active material inside the channels of the catalyst. One of the advantages of the method is the amount of active material used in the synthesis. In general, the highest amount of loading in synthesis was 10% and considerable activities in the presence of these catalysts were reported. As a result of the entrapment of active material inside the mesoporous channels of the catalyst, it is expected to prevent or decrease leaching of HPA to a certain extent, which is the most important highlight of the study. It is also expected that the catalysts would preserve their molecular configuration after repeated use. The loading contents of STA were varied between 1.25% and 5% based on weight ratio of tungsten (W) of STA and silica of sodium silicate for MCM-41 based materials and tetra ethyl ortho silicate (TEOS) for SBA-15 based materials. Parent MCM-41 and SBA-15 were also synthesized and analyzed to obtain a comparison of catalysts' physical properties along with the changes in molecular structure due to STA incorporation. MCM-41-S and SBA-15-S were selected as abbreviations for MCM-41 and SBA-15 based catalysts to enable easy follow-up of the results. -3c ) catalysts exhibited the highest activity losses with 5% W/Si loading. This result implied agglomeration of STA on the surface of catalyst. In order to determine the extent of activity loss, acetic acid conversion obtained at the end of 270 min was taken into account and reusability of the catalysts was compared accordingly. Activity losses of MCM-41-S catalysts at the end of the second run were 1.72%, 8.3%, and 13% for MCM-41-S1, MCM-41-S2, and MCM-41-S3 catalysts, respectively (Figures 2a-2c ). Activity losses of SBA-15-S catalysts at the end of the second run were 9.7%, 10.8%, and 14.5% in the presence of SBA-15-S1, SBA-15-S2, and SBA-15-S3 catalysts, respectively (Figure 3a-3c) . The results indicated the reusability of both catalysts in liquid phase reactions. Reaction experiments conducted in the presence of recovered catalysts indicated sustainable activity of both catalysts. In the case of SBA-15-S catalysts, the loss of activity was mainly due to leaching of STA, on the external surface of the catalyst, to the reaction mixture. It was concluded for SBA-15-S catalysts that the amount of STA lost during the reaction was negligible provided that the active material remained inside the pores of the catalyst (Figures 3a-3c ). The hydrothermal method was concluded to be an effective method for placing the active material inside the pores of the structure and preventing activity loss of the catalyst due to leaching of active material.
Characterization studies
DRIFT spectra of pyridine adsorbed MCM-41-S and SBS-15-S catalysts are illustrated in Figures 4a and 4b , respectively. The presence of Lewis and Brønsted acid sites indicating the acidic characteristics of catalysts was determined by identification of peaks at 1441 and 1591 cm −1 for both catalysts. The peaks observed at 1485 cm −1 were attributed to physically adsorbed pyridine (Figures 4a and 4b) . • were indexed to (100), (110), (200), and (210) reflections, identifying its wellordered hexagonal pore structure (Figure 5a) . 8, 16, 28 The peak at (100) reflection of MCM-41-S catalysts shifted toward higher 2 θ values and its intensity decreased with increasing STA amount. The shift of the peak at (100) reflection toward higher 2θ values indicates the condensation of silanol groups. 16 The decrease in the intensity of these peak values with increasing STA loading indicated a decrease in the long-range order of MCM-41.
28−30
As previously mentioned, the hydrothermal method applied in the syntheses requires simultaneous addition of the active material and the silica source. It was thought that an interaction between anion species of STA and the silanol group inside the pores of MCM-41 had occurred during synthesis, which had resulted in partial destruction of MCM-41-S catalysts' mesoporous structure (Figure 5a ). High angle XRD patterns of MCM-41-S2 and MCM-41-S3 catalysts revealed the presence of a bulk STA crystal phase (Figure 5b) . It was interesting to observe diffraction patterns of the crystalline STA structure considering the applied loading amounts. As a consequence, homogeneous dispersion of STA inside the mesopores could only be achieved with MCM-41-S1 catalyst. In our opinion, the drawback that occurred in the dispersion of active material was due to the applied synthesis method, which induced condensation of silanol groups and resulted in the formation of a more compact structure (Figure 5b) . 16 This compact structure, determined with low angle XRD patterns (Figure 5a ), prevented migration of STA inside mesoporous channels and caused them to agglomerate on the surface of the catalyst.
The XRD patterns of low angle SBA-15 and SBA-15-S catalysts are given in Figure 6a . The XRD patterns of parent SBA-15 indicated three peak values identified at 0.93, 1.46, and 1.68
• , which corresponded to (100), (110), and (200) reflections of the hexagonal mesoporous structure. 14, 17, 20 The (100) reflection of SBA-15-S1 catalyst shifted toward lower 2 θ angles, indicating a strong interaction of STA with surfactant during the hydrothermal process. 21 Low angle XRD patterns of SBA-15-S2 and SBA-15-S3 catalysts indicated disappearance of the peak for (100) reflection, whereas the peaks corresponding to (110) and (200) reflections could clearly be observed. This result was thought to be due to increasing STA amount inside the pores of the catalysts. The fact that the (110) and (200) reflections remained despite increasing STA amount indicated that SBA-15 had kept its mesoporous structure (Figure 6a ). The textural and structural properties of MCM-41-S and SBA-15-S catalysts are illustrated in Table  1 along with parent MCM-41 and SBA-15. Comparison of the surface areas of fresh MCM-41-S and SBA-15-S catalysts revealed a decrease in surface areas with increasing STA amount, as expected. A decrease in surface areas compared to fresh catalysts was also observed for spent catalysts, which was thought to be due to adsorbed reactants in the pores during the reaction. It would be best to compare the pore volumes and pore diameters of fresh and spent catalysts in order to evaluate the effect of reactants on mesoporous structure. As seen from the table, fresh SBA-15-S catalysts had higher pore volumes and pore diameters than MCM-41-S catalysts, which enabled diffusion of higher STA to its mesopores during hydrothermal synthesis. This result also explained the steady increase in activity with increasing STA amount in the presence of SBA-15-S catalysts. A drastic decrease in pore volumes and a drastic increase in pore diameters were determined for spent MCM-41-S catalysts, whereas a negligible change in these parameters was observed for spent SBA-15-S catalysts. The results obtained for spent MCM-41-S catalysts indicated that the reactants had diffused and had adsorbed inside the mesopores of MCM-41-S catalysts and had deteriorated the pore structure in the process. The d (100) values, derived from XRD results, increased with increasing STA amount in the case of fresh MCM-41-S catalysts. Moreover, multilayer coverage of STA on the structure was observed for MCM-41-S catalysts, evidencing that most of STA remained outside mesopores during synthesis. 20 Comparison of d (100) values of spent MCM-41-S catalysts revealed a drastic increase, implying deposition of reactants on the structure after the reaction. In the case of SBA-15-S catalysts, the d (100) values of SBA-15-S1 and SBA-15-S2 indicated a monolayer coverage of STA on the structure. 20 On the other hand, accumulation of some STA on the catalyst surface was observed for SBA-15-S3 catalyst, which was previously shown in high angle XRD results ( Figure   6b ). The change in d (100) values between fresh and spent SBA-15-S1 and SBA-15-S2 catalysts was negligible. This result led to two conclusions. The amount of STA that migrated from the pores during the reaction could be considered negligible and the pore structure of the catalysts remained intact even after the reaction. A type IV isotherm was observed for fresh MCM-41-S catalysts, which indicated a mesoporous structure (Figure 7a ). 6 The deterioration of the isotherm in the case of spent catalysts implied some deformation of pore structure during the reaction (Figure 7b ). The pore structure was thought to deteriorate as a result of diffusing reactants during the reaction. The extent of deformation on the pore structure was inconclusive as the catalysts were still active in repeated use. Furthermore, a shift from mesoporous to macroporous state should have been observed in the pore size distribution of spent MCM-41-S catalysts if there had been a complete destruction of pore structure (Figure 8a and 8b) . SBA-15-S catalysts also exhibited a type IV isotherm ( Figure   9a ) and no deterioration was observed in the isotherm of spent catalysts (Figure 9b ). This result indicated that the pore structure of SBA-15-S catalysts remained intact after the reaction and was in accordance with the results obtained with XRD analyses. As expected, the SBA-15-S catalysts preserved their mesoporosity after the reaction (Figure 10a and 10b) .
SEM images of MCM-41 with spent MCM-41-S catalysts and SBA-15 with spent SBA-15-S catalysts are illustrated in Figures 11 and 12 , respectively. The deformation of MCM-41-S catalysts due to interaction with reactants during ethyl acetate production can clearly be observed from the images (Figures 11a-11d) . On the other hand, STA addition had no significant effect on the wheat-like morphology of SBA-15 and the morphology of the catalysts remained unchanged even after the reaction (Figures 12a-12d) . The results indicated that SBA-15-S catalysts preserved their structural integrity during the ethyl acetate reaction. However, preservation of STA inside the catalyst was equally important to maintain sustainable activity of the catalysts. In order to determine the extent of STA leaching from the catalyst structure, STA amounts of SBA-15-S catalysts before and after reaction were determined by EDX analyses ( Table 2 ). The results indicated that theoretical values of STA determined prior to synthesis had been achieved. W/Si% ratios obtained after reaction clearly showed that the loss of active material in SBA-15-S1 and SBA-15-S2 catalysts was negligible. On the other hand, nearly half of the STA had migrated from the catalyst structure in SBA-15-S3 catalyst. These results were also in accordance with high angle XRD patterns evidencing the presence of crystal STA on the surface of SBA-15-S3 catalyst. The hydrothermal method was successfully applied in the synthesis of mesoporous silicates containing STA. The results obtained from characterization studies indicated that STA could be accumulated inside the pore structure up to a loading level of 1.25% W/Si for MCM-41-S catalysts and 2.5% W/Si for SBA-15-S catalysts. In the case of exceeding loading amounts STA was deposited on the surface of silicate. The deposition of STA on the surface of catalysts was shown by evaluation of XRD results and nitrogen physisorption experiments. Ethyl acetate production conducted in the presence of SBA-15-S catalysts showed an increase in activity with increasing W/Si% loadings. The nonmonotonic dependence of acetic acid conversion in the presence of MS catalysts was due to condensation of silanol groups in the course of synthesis. Hence, a more compact structure that prevented incorporation of STA inside the channels of the catalyst occurred with the applied synthesis method.
Comparison of MCM-41 and SBA-15 catalysts showed that SBA-15 based catalysts had been more stable during the reaction. The activities of MCM-41-S and SBA-15-S catalysts were similar. However, it was concluded that the molecular structure of SBA-15 based catalysts would be preserved in long-term use in reactions. The hydrothermal method applied in the syntheses enabled incorporation of STA up to a certain loading amount: 2.5% for MCM-41-S catalysts and 5% for SBA-15-S catalysts, which were low compared with the loading amounts applied in impregnation. On the other hand, this method was shown to prevent leaching of STA to a certain extent from the catalyst structure and the reaction results showed that considerable activities had been obtained in the reaction. 
Experimental studies

Synthesis of the catalysts
The hydrothermal method requiring simultaneous addition of the active material and the silicate source was applied by modification of the procedures applied previously for the synthesis of MCM-41 31 and SBA-15. based catalysts synthesized by this procedure were named MCM-41-S1, MCM-41-S2, and MCM-41-S3 based on increasing W/Si % ratios.
Synthesis of SBA-15 based catalysts was conducted in acidic conditions: 1 < pH < 2. Initially, 4 g of triblock copolymer surfactant, Pluronic P123 (Sigma-Aldrich), was dissolved in 144 mL of 1.7 M HCl at 40 • C. The solution was stirred for 4 h before simultaneous addition of tetraethylorthosilicate (TEOS, Merck) and STA. The molar ratio of TEOS/Pluronic P123 was determined as 2 in the course of syntheses. The resulting solution was further stirred for 2 h and aged at 100
• C for 48 h. The formed crystalline sample was washed with deionized water, dried at 80
• C for 12 h, and finally calcined at 350
• C for 5 h in a tubular furnace for removal of the surfactant. The amounts of STA added to the catalysts were identical with those used in the syntheses of MS catalysts. The synthesized catalysts were named SBA-15-S1, SBA-15-S2, and SBA-15-S3 based on increasing W/Si % ratios.
Reaction experiments
The activity of the catalysts was determined by ethyl acetate production selected as the model reaction. Reaction experiments were conducted in a batch reactor equipped with a reflux condenser. Catalyst amount and temperature were determined as 0.4 g and 343 K, respectively. Ethanol/acetic acid molar ratio was determined as 1/1 and the reactions were conducted under identical conditions. Analyses of reactants and product were performed in a gas chromatograph equipped with a FID detector and a TRB Wax 30 m × 0.32 × 0.5 µm capillary column.
Catalysts recovered after the first run were washed three times with deionized water and dried at 90 • C for 3 h. The activity of these recovered catalysts was also tested in ethyl acetate production conducted under identical conditions. The catalysts recovered after this second run were utilized in characterization studies to examine the changes that might have occurred in their molecular structure.
Characterization studies
In order to determine the acidic property of the catalysts, the samples were initially treated with pyridine and then analyzed by diffuse reflectance FT-IR (DRIFTS). Experiments were conducted on a PerkinElmer instrument in the range of 380-4000 cm −1 . XRD patterns of MCM-41-S and SBA-15-S catalysts were obtained on a Panalytical Empryran HT-XRD instrument using CuK α radiation with 0.066 step size and over the range 0
• < 2 θ < 10
• . Adsorption-desorption isotherms and pore size distributions of fresh and spent MCM-41-S and SBA-15-S catalysts were obtained by nitrogen physisorption analyses conducted in an ASAP2020 instrument. BET and BJH methods were evaluated in accordance with XRD results. SEM images of fresh and spent catalysts were obtained with a Zeiss SUPRA V 40 device. EDX analyses were applied to fresh and spent catalysts to determine the extent of leaching of the active material during syntheses and/or reaction experiments. MCM-41 and SBA-15 were also synthesized and analyzed to determine the validity of the applied procedures and the changes that occurred in their structure by STA addition.
